We have observed K-shell and L-shell hollow beryllium atoms (2s 2 2p3s and 1s3s 2 3p) created by photoexcitation using synchrotron radiation. Resonance shapes were fitted to the Fano profile and the parameters were deduced. A Dirac-Fock calculation was performed to identify the configuration of the peaks and to predict other hollow atomic peaks. The results of the calculation were in good agreement with the experimental data. The comparison of the transition strength has revealed that the three-electron photoexcitation to the 1s3s 2 3p configuration is stronger than the two-electron photoexcitation to the 2s 2 2p3s configuration. This is attributed to the large overlap between the 2s orbital of the ground state (1s 2 2s 2 ) with the 3s orbital of the L-shell hollow state (1s3s 2 3p). In this Letter, we report the first observation of K-shell and L-shell hollow beryllium atoms, created by twoelectron and three-electron photoexcitations, respectively. Since the first hollow lithium photoexcitation resonance was observed by the dual laser plasma technique, triply photoexcited hollow lithium has attracted great interest experimentally as well as theoretically [1] [2] [3] [4] [5] . On the other hand, for high-Z atoms, Kanter et al. observed the double K vacancy with a molybdenum film target [6] . Several review articles have summarized the studies of hollow atoms generated by photoexcitation with synchrotron radiation, especially in the lithium case [7] [8] [9] . The electronelectron correlation in multiply excited atoms is the fundamental benchmark to evaluate the approximations for calculating the multielectron Hamiltonians. The next challenge for atomic physics would be to study photoprocesses in a four-electron atom of which all four electrons are strongly correlated. The system realizing such a condition would be the quadruply photoexcited hollow states of beryllium atoms. The photoexcited hollow atomic states experimentally observed so far are the doubly photoexcited states of helium and triply photoexcited states of lithium. These states have been successfully described by the models such as hyperspherical, molecular, semiclassical approaches and so on [9, 10] . Beryllium is the four-electron atom which has two closed subshells in the 1s 2 2s 2 ground state configuration. Theoretical work on quadruply excited states is very limited. Komninos and Nicolaides performed multi-configuration Hartree-Fock calculations of quadruply excited states of 5 S o symmetry of the intrashell configuration [11] . Bao investigated the symmetry of four-electron atoms with intrashell configuration [12] . Morishita and Lin extended their hyperspherical closecoupling calculations to treat four-electron atoms with the s 4 configuration [13] . Poulsen and Madsen used the hydrogenic polarized Stark states as the basis to describe analytically the tetrahedron configuration [14] . They noted the geometrical differences between a four-electron atom, a three-electron atom, and a two-electron atom. Electrons of doubly excited helium and triply excited lithium are expressed within a line and a plane, respectively. However, the description of electrons in quadruply excited beryllium generally requires a three-dimensional space. These theoretical approaches have dealt with very limited configurations and to our knowledge, there is no investigation on photoexcitation processes.
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The experiment was performed at the 2.5 GeV storage ring of the Photon Factory, KEK. The extreme ultraviolet (xuv) undulator beam line BL16B was used. The light was monochromatized by a 24 m spherical grating monochromator [15] . Both the entrance and exit slits were set to 50 m 50 m. According to Ref. [15] , the resolving power is from 1500 to 2500 depending on the incident photon energy. This was found to be consistent with our measurement of the argon photoexcitation resonances using the same experimental setup. The calibration of the photon energy was performed using the argon resonances near the L 2;3 edge [16] and the strongest 1s2s 2 2p coreexcitation resonance of beryllium. We calibrated this beryllium resonance itself at another beam line (BL3B) by measuring it with second order light while simultaneously measuring the helium double photoexcitation resonances with first order light. The photon-energy position was found to be 115.464 eV (EFWHM 0:077 eV), consistent with Ref. [17] . One of the energy region of interest (K-shell hollow peak 275 eV) fell outside of these calibration points. The photon-energy position of this resonance was extrapolated from the calibration points.
The error in photon energy was estimated to be less than 0.1 eV.
The monochromatized photons entered into the experimental apparatus, which consisted of an ion time of flight (ITOF) mass spectrometer and an electron bombardment oven [18] . A positive pulsed electric field was applied to push ions into the flight tube and the ions were detected with a microchannel plate (MCP). The ion signal was amplified and fed into a constant-fraction discriminator (CFD). A time to amplitude converter (TAC) was used to obtain the mass/charge spectrum. Partial charge state ion yield spectra were obtained by scanning the photon energy while gating the Be and Be 2 peaks in the TOF spectrum. The background pressure in the experimental chamber was lower than 1 10 ÿ7 Torr. The vapor pressure of beryllium metal is as low as 10 ÿ3 Torr at 1100 C. To obtain high temperature and stable electron current, the electron bombardment oven was newly designed for vaporizing only beryllium atoms. To minimize the production of uncontrollable thermal electrons at high temperature, the radiation shield of the oven was water cooled and the distance between the oven and the filament was made larger compared to our previous version [18] . These improved the stability of the beryllium atomic vapor generation.
The partial yield spectra of Be and Be 2 in the vicinity of 275 eV photon-energy region are shown in Fig. 1 . The vertical axis is the photoion yield normalized by the drain current of the post focusing mirror generated by photons. The mirror is made of quartz coated by Au. The asymmetric peak at 275.3 eV was observed in the Be 2 channel. The ion yield of Be does not reveal any structure. This indicates that the excited state decays mainly into the Be 2 channel through two step autoionization emitting two electrons in successive steps. The resonance was fitted to the Fano profile. The observed data was deconvoluted with the instrument function according to Ref. [19] . The Fano profile is given by
where a is the resonant cross section, b is the continuum cross section, 2E ÿ E r =ÿ, E is the photon energy, E r is the resonance energy, and ÿ is the full width of the resonance. Using the instrument function, which is assumed here to be a triangular profile
( is the full width of the instrument function) we can analytically obtain the convoluted profile by integrating the following equation [19] ,
The analytical form does not need numerical integration when deducing the parameters. The parameters obtained are E r 275:322 eV, ÿ 0:284 eV, and q ÿ1:2721 with 0:170 eV. The fitted curve is plotted in Fig. 1 . A calculation using the General Purpose Relativistic Atomic Structure Program 92 (GRASP92) [20] and the Relativistic Atomic Transition and Ionization Properties (RATIP) [21] was performed to obtain the energies and oscillator strengths of the excited states of the beryllium atom. The ground state and the excited states were individually optimized allowing nonorthogonality of the orbital wave functions between the different states. To stabilize the ground energy, 45 442 configurations up to n 6 were included. For the excited states in the 275 eV region, 188 configurations were included. To verify the accuracy of the present calculation, we also calculated the energies belonging to the single-electron core-excited 1s2s 2 2p configuration. The calculated energy difference between the ground state (1s 2 2s 2 ) and the 1s excited state (1s2s 2 2p) was 115.56 eV. This is in good agreement with the experimental value (115.464 eV).
The energies and oscillator strengths of the 2s 2 2p3s hollow states of beryllium atoms are shown in Fig. 2 . The largest oscillator strength from the ground state belongs to the resonance positioned at 275.63 eV, which was observed in the experiment. The second largest peak could not be observed despite considerable efforts.
Compared to the two-electron transition 1s 2 2s 2 ! 2s 2 2p3s, three electrons are excited in the transition of 1s 2 2s 2 ! 1s3s 2 3p. The transition to the L-shell hollow state with 1s3s 2 3p configuration is expected to be weaker from the viewpoint of the one particle approximation. It is also interesting to evaluate the shielding effects of the s electrons by comparing these two hollow states. We will later discuss the comparisons between these transitions. Figure 3 shows the spectrum of singly and doubly charged beryllium ions in the 150 eV photon-energy region. The spectrum in the doubly charged ion channel shows an asymmetric peak, while no structure is found in the spectrum of the singly charged ion's channel. To derive the parameters of the resonance, the convoluted Fano profile was fitted to the spectrum. The parameters obtained were E 0 151:912 eV, ÿ 0:504 eV, and q ÿ1:2811 with 0:064 eV.
In order to assure the electron configuration of the resonance, we performed the MCDF calculation [20, 21] .
The photon energies and oscillator strengths corresponding to the electron configuration of 1s3s 2 3p are shown in Fig. 4 . The photon energy corresponding to the largest resonance is 151.80 eV. This is in good agreement with the experimental result. The calculated values are tabulated on Table I .
The calculated oscillator strength for the L-shell hollow resonance is larger by a factor of 15 than the oscillator strength of the K-shell hollow resonance. This is contrary to the normal expectation that a two-electron transition should occur more easily than a three-electron transition. Using the idea of sudden transitions, the transition dipole matrix elements can be expressed as a product of oneelectron matrix elements. The values of the overlaps are derived from the GRASP92 and RATIP calculation results. For the transition from the ground state to the K-shell hollow state, we have 
The shrinking of the 2s-orbital results in a 4% decrease of the h2sj2si element. However, the overlap between the 1s 
The overlap between the two 1s orbitals shows that their change is minimal. On the other hand, it is worthy to note that the overlap of h3sj2si is considerable because the L-shell vacancy pulls the 3s electrons closer to the nucleus. Therefore, the ratio of the transition strengths becomes h1s3s3s3pjrj1s1s2s2si h2s2s2p3sjrj1s1s2s2si 
Here, we have applied the simple n ÿ3=2 rule to represent the ratio between 3p and 2p dipole matrix elements. From Eq. (3), we can understand that the three-electron excitations are substantially stronger than the two-electron excitations in the present case. This reversal is attributed to the large overlap between the 2s orbital of the ground state (1s 2 2s 2 ) and the 3s orbital of the L-shell hollow state (1s3s 2 3p). Further efforts would be required to evaluate the ratio experimentally.
In summary, we have experimentally observed photoexcitation resonances of two kinds of hollow beryllium atoms for the first time, and derived Fano parameters. The observed K-and L-shell hollow atom resonances have been assigned by the numerical calculation code GRASP92 and RATIP. The photon-energy correspondences between the experiment and the calculation are good, and other resonances of the same configurations have been predicted numerically. The oscillator strength of the three-electron transition to 1s3s 2 3p is larger than that of the two-electron transition to 2s 2 2p3s. The reversal of the oscillator strengths can be attributed to the overlap between the 2s orbital of the ground state and the 3s orbital of the L-shell hollow state.
